Blade element momentum theory to predict the effect of wave-current interactions on the performance of tidal stream turbines by Ordonez-Sanchez, Stephanie et al.
Ordonez-Sanchez, Stephanie and Porter, Kate and Allmark, Matthew and 
Johnstone, Cameron and O'Doherty, Tim (2018) Blade element 
momentum theory to predict the effect of wave-current interactions on 
the performance of tidal stream turbines. In: 4th Asian Wave and Tidal 
Energy Conference, 2018-09-09 - 2018-09-13. , 
This version is available at https://strathprints.strath.ac.uk/65921/
Strathprints is  designed  to  allow  users  to  access  the  research  output  of  the  University  of 
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights 
for the papers on this site are retained by the individual authors and/or other copyright owners. 
Please check the manuscript for details of any other licences that may have been applied. You 
may  not  engage  in  further  distribution  of  the  material  for  any  profitmaking  activities  or  any 
commercial gain. You may freely distribute both the url (https://strathprints.strath.ac.uk/) and the 
content of this paper for research or private study, educational, or not-for-profit purposes without 
prior permission or charge. 
Any correspondence concerning this service should be sent to the Strathprints administrator: 
strathprints@strath.ac.uk
The Strathprints institutional repository (https://strathprints.strath.ac.uk) is a digital archive of University of Strathclyde research 
outputs. It has been developed to disseminate open access research outputs, expose data about those outputs, and enable the 
management and persistent access to Strathclyde's intellectual output.
%ODGH(OHPHQW0RPHQWXP7KHRU\WR3UHGLFWWKH
(IIHFWRI:DYH&XUUHQW,QWHUDFWLRQVRQWKH
3HUIRUPDQFHRI7LGDO6WUHDP7XUELQHV
6WHSKDQLH2UGRQH]6DQFKH].DWH3RUWHU0DWWKHZ$OOPDUN&DPHURQ-RKQVWRQH7LP2¶'RKHUW\
(QHUJ\6\VWHPV5HVHDUFK8QLW8QLYHUVLW\RI6WUDWKFO\GH
*ODVJRZ*;-8QLWHG.LQJGRP
VRUGRQH]#VWUDWKDFXN
NDWHSRUWHU#VWUDWKDFXN
FDPHURQMRKQVWRQH#VWUDWKDFXN
6FKRRORI(QJLQHHULQJ&DUGLII8QLYHUVLW\
&DUGLII&)$$8QLWHG.LQJGRP
$OOPDUN0-#FDUGLIIDFXN
2GRKHUW\#FDUGLIIDFXN
$EVWUDFW²7KH GXUDELOLW\ DQG UHOLDELOLW\ RI WLGDO HQHUJ\ V\VWHPV
FDQ EH FRPSURPLVHG E\ WKH KDUVK HQYLURQPHQWV WKDW WKH WLGDO
VWUHDP WXUELQHV QHHG WR ZLWKVWDQG 7KHVH ORDGLQJVZLOO LQFUHDVH
VXEVWDQWLDOO\LI WKHWXUELQHVDUHGHSOR\HGLQH[SRVHGVLWHVZKHUH
KLJKPDJQLWXGHZDYHVZLOODIIHFWWKHWXUELQHLQFRPELQDWLRQZLWK
IDVW WLGDO FXUUHQWV 7KH ORDGLQJV DIIHFWLQJ WKH WXUELQHV FDQ EH
PRGHOOHGXVLQJYDULRXVQXPHULFDORUDQDO\WLFDOPHWKRGVHDFKRI
WKHP KDYH WKHLU RZQ DGYDQWDJHV DQG GLVDGYDQWDJHV 7R
XQGHUVWDQG WKH OLPLWDWLRQV DULVLQJ ZLWK WKH XVH RI QXPHULFDO
VROXWLRQVWKHRXWFRPHVFDQEHYHULILHGZLWKSUDFWLFDOZRUN,QWKLV
SDSHUD%ODGH(OHPHQW0RPHQWXPFRXSOHGZLWKZDYHVROXWLRQV
LVXVHGWRSUHGLFWWKHSHUIRUPDQFHRIDVFDOHGWXUELQHLQDIOXPH
DQGDWRZWDQN7KHDQDO\WLFDODQGH[SHULPHQWDOZRUNLVDQDO\VHG
IRUFRPELQDWLRQVRIIORZVSHHGVRIDQGPVZDYHKHLJKWVRI
DQGDQGZDYHSHULRGVRIDQGV,WZDVIRXQGWKDW
JRRG DJUHHPHQW EHWZHHQ WKH PRGHO DQG WKH H[SHULPHQWDO ZRUN
ZDV REVHUYHG ZKHQ FRPSDULQJ WKH GDWD VHWV DW KLJK IORZ
FRQGLWLRQV+RZHYHUHYHQLIWKHDYHUDJHYDOXHVZHUHVLPLODUWKH
PRGHOWHQGWRXQGHUSUHGLFWWKHPD[LPXPDQGPLQLPXPYDOXHV
REWDLQHG LQWKHH[SHULPHQWV:KHQORRNLQJDW WKHUHVXOWVRI ORZ
IORZYHORFLWLHVWKHDJUHHPHQWEHWZHHQWKHDYHUDJHDQGWLPHVHULHV
ZDVSRRUHU

.H\ZRUGV² 7LGDO 7XUELQH %ODGH (OHPHQW 0RPHQWXP 7KHRU\
:DYH&XUUHQW,QWHUDFWLRQV([SHULPHQWV/RDGLQJ

, ,1752'8&7,21
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VWUHDP HQHUJ\ LQ -DSDQ >@ ZKLOH WKH 6ZHGLVK FRPSDQ\
6HDEDVHGKDVVLJQHGDSDUWQHUVKLSWRSURYLGHUHQHZDEOHHQHUJ\
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7KHLQWHUDFWLRQVRIZDYHDQGFXUUHQWVZLWK767VKDYHEHHQ
VWXGLHGQXPHULFDOO\DQGH[SHULPHQWDOO\E\D IHZDXWKRUV>@
DQG>@H[SORUHGWKHXVHRI%ODGH(OHPHQW0RPHQWXP7KHRU\
%(07DQG&RPSXWDWLRQDO)OXLG'\QDPLFWHFKQLTXHV&)'
UHVSHFWLYHO\WRLQYHVWLJDWHWKHHIIHFWVRIRVFLOODWRU\PRWLRQRI
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TXDQWLI\ ORDGLQJ ZLWK FRPELQHG ZDYHV DQG FXUUHQW ZLWK
H[SHULPHQWDO UHVXOWV REWDLQHG ZLWK D WXUELQH ZRUNLQJ DW WZR
IORZ VSHHGV LQ WZR GLIIHUHQW IDFLOLWLHV DW VLPLODU ZDYH
FRQGLWLRQVZKHQSRVVLEOH
,, 0(7+2'2/2*<
$ VFDOHG KRUL]RQWDO D[LV WXUELQH RI  P GLDPHWHU ZDV
HPSOR\HG LQ WKH H[SHULPHQWDO FDPSDLJQV DQG LQ WKH %(07
PRGHO7KHWXUELQHLVFRPSRVHGRIWKUHHEODGHVZLWK:RUWPDQQ
);  DHURIRLO SURILOH 7KH URWRU EODGHV XVHG KDYH D
:RUWPDQQ);SURILOH7KHURWRUKDVDUDGLXVRIP
ZLWKDKXEUDGLXVRIP7KHRSWLPXPSLWFKIRUWKLVGHVLJQ
LVDWGHJUHHV7KLVSLWFKVHWWLQJZDVVHWE\DGMXVWLQJWKHEODGH
URRWWRWKHKXEZLWKDJUXEVFUHZ)XUWKHUGHWDLOVRIWKHEODGH
JHRPHWU\LQFOXGLQJWKHFKRUGOHQJWKDQGWZLVWFDQEHIRXQGLQ
>@
)ORZVSHHGVRIPVDQGPVZHUHWHVWHGDQGVLPXODWHG
EDVHG RQ WKH H[SHULPHQWDO FDPSDLJQV XQGHUWDNHQ DW WZR
IDFLOLWLHV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DQDO\VHG LQGHSHQGHQWO\ WR FDOFXODWH QRUPDO DQG WDQJHQWLDO
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SDUDPHWHUVXWLOLVHGFDQKDYHDKLJKLQIOXHQFHLQWKHRXWFRPHV
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ZDVLPSOHPHQWHGWRDFFRXQWIRUD[LDOLQGXFWLRQIDFWRUVKLJKHU
WKDQ WKH WKHRUHWLFDO XSSHU OLPLWV DQG WKH 9LWHUQD&RUULJDQ
PHWKRGZDVDSSOLHG WRHVWLPDWHKLJKIORZDQJOHVGXULQJSRVW
VWDOOYDOXHV$VLPLODUDSSURDFK ZDVXQGHUWDNHQ LQ >@7KH
LQIOXHQFHRIZDYHVZDVWDNHQLQWRDFFRXQWE\XVLQJWKH0RULVRQ
HTXDWLRQ ZKLFK FRQVLGHUV WKH GUDJ DQG LQHUWLDO IRUFHV RQ D
VXEPHUJHGERG\LQRVFLOODWRU\IORZV
% (;3(5,0(17$/&$03$,*16
)RUWKHH[SHULPHQWDOFDPSDLJQDPGLDPHWHUWXUELQHZDV
XVHGWRYDOLGDWHWKHQXPHULFDOPRGHOGHVFULEHGLQWKHSUHYLRXV
VHFWLRQ7KHGLDPHWHURIWKHWXUELQHLVVOLJKWO\VPDOOHULQVL]H
FRPSDUHGWRRWKHUGHYLFHVLQWKHUDQJHRIWRPLQGLDPHWHU
+RZHYHULWZDVREVHUYHGE\>@WKDWLWZDVSRVVLEOHWRDFKLHYH
5H\QROGVLQGHSHQGHQF\DWIORZYHORFLWLHVODUJHUWKDQPV
([SHULPHQWV ZHUH XQGHUWDNHQ DW WZR IDFLOLWLHV D WRZ WDQN
ORFDWHGLQWKH&15,16($1ODERUDWRU\LQ5RPH,WDO\DQGD
FLUFXODWLQJIOXPHWDQNEDVHGRQWKH,IUHPHUUHVHDUFKFHQWUHDW
%RXORJQH6XU0HU)UDQFH)LJXUHVDQGVKRZWKHSURWRW\SH
LQVWDOOHG DW HDFK IDFLOLW\ 7KH KRUL]RQWDO D[LV WXUELQH XVHG LQ
ERWKH[SHULPHQWVZDVGHVLJQHGDW&DUGLII8QLYHUVLW\:LWKLQ
WKLVVHFWLRQWKHWHVWSURJUDPWKHH[SHULPHQWDOVHWXSDQGWKH
EODGHDQGWXUELQHJHRPHWU\DUHGHVFULEHG
7DEOH'HWDLOVRIWKHWRZDQGIOXPHWDQNV
)DFLOLWLHV &15,16($1 ,)5(0(5&HQWUH
)DFLOLW\
GLPHQVLRQV PîPîP PîPîP
)ORZYHORFLWLHV
WHVWHG PV DQGPV
7XUEXOHQFH
LQWHQVLW\  
%ORFNDJHUDWLR  
  

%([SHULPHQWDOVHWXSWXUELQHGHVLJQDQGLQVWUXPHQWDWLRQ
7KHWXUELQHZDVVHFXUHGXVLQJDYHUWLFDOVWDQFKLRQLQERWK
IDFLOLWLHV  P EHORZ WKH IUHH VXUIDFH RI WKH ZDWHU 7KH
VWDQFKLRQZDVPDGHRIVWHHO,QWKHWRZWDQNWKHVWDQFKLRQZDV
LQVWDOOHG WR WKH WRZLQJ FDUULDJH XVLQJ D FRXSOH RI EUDFNHWV
PRXQWHG WR WKH FDUULDJH VWUXFWXUH DV LW FDQ EH REVHUYHG LQ
)LJXUH,QWKHIOXPHWDQNWKHWXUELQHZDVLQVWDOOHGIURPWKH
WRSSDUWRIWKHWDQNXVLQJIRXUWULDQJXODUIUDPHVDWWDFKHGWRWZR
,EHDPVWKDWZHUHSODFHGDFURVVWKHIOXPHRQWKHWRS6LPLODUO\
WRWKHLQVWDOODWLRQXVHGLQWKHWRZWDQNDW&15,16($17ZR
EUDFNHWZHUHSODFHGDORQJWKHYHUWLFDOVWDQFKLRQDVREVHUYHG
LQ)LJXUH
7KHPDLQDGYDQWDJHRIWKHVPDOOURWRUVL]HXVHGLVWKDWLWLV
SRVVLEOHWRDFKLHYHEORFNDJHUDWLRVVXIILFLHQWO\VPDOOVRLWLVQRW
UHTXLUHG WRDSSO\DQ\FRUUHFWLRQ IDFWRUV$V LW LVREVHUYHG LQ
7DEOHWKHEORFNDJHUDWLRDFKLHYHGLQWKHWRZWDQNIDFLOLW\DW
&15,16($1 ZDV RI  ZKHUHDV D VOLJKWO\ PDMRU
SHUFHQWDJH ZDV TXDQWLILHG DW ,IUHPHU EXW VWLOO DW WKH ORZ
SURSRUWLRQRI
6SHHGFRQWUROWRVHWWKHUHTXLUHGWLSVSHHGUDWLRZDVXVHGIRU
WKHHQWLUHWHVWSURJUDPPH7KLVZDVHVWDEOLVKHGE\FRQWUROOLQJ
WKH 5H[URWK ,QGUD'\Q 6\QFKURQRXV7RUTXHPRWRUV PRWRU
ZKLFKZDVLQVWDOOHGDWWKHEDFNRIWKHWXUELQH7KHWXUELQHGLG
QRW LQFOXGHDWRUTXHPHWHUZLWKLQLWVFDVLQJKRZHYHU WRUTXH
ZDVFDSWXUHGXVLQJWKHWRUTXHJHQHUDWLQJFXUUHQW7*&ORJJHG
IURPWKHPRWRU7KH7*&LVEDVLFDOO\WKHUHTXLUHGFXUUHQW WR
PDLQWDLQ WKH WXUELQH URWDWLQJ DWDFHUWDLQ VSHHGRU WRUTXH$V
WKLV FXUUHQW FRPHV IURP WKH PRWRU LWVHOI D SUHFDOLEUDWLRQ LV
UHTXLUHGWRUHPRYHWKHIULFWLRQUHODWHGWRWKHV\VWHP7KLVSUH
FDOLEUDWLRQLVXQGHUWDNHQE\UHPRYLQJWKHEODGHVDQGURWDWLQJ
WKHURWRUDWGLIIHUHQWYHORFLWLHV7KLVIULFWLRQDOORVVHVDUHWKHQ
VXEWUDFWHGIURPWKHORJJHG7*&WRREWDLQWKHILQDORXWFRPH
0RUHGHWDLOVRQWKHPRWRUFDOLEUDWLRQFDQEHIRXQGLQ>@
)RUWKHWHVWVFDUULHGRXWDWWKH&15,16($1DFXVWRPEXLOW
TXDUWHUEULGJHVWUDLQJDXJLQJ V\VWHPZDV LQFRUSRUDWHG LQ WKH
RQHRI WKHEODGHV WRPHDVXUH WKH ORDGDW WKHURRW'XULQJ WKH
WHVWVFDUULHGRXWDW,IUHPHUDIXOOEULGJHFRQILJXUDWLRQRQWKH
VWDQFKLRQZDVLQFOXGHVDWPIURPWKHPLGKXEKHLJKW
PDERYHWKHIUHHVXUIDFH7KLVGLVWDQFHZDVFDOFXODWHGWRYRLG
LQWHUIHUHQFHIURPWKHEUDFNHWVXVHGWRLQVWDOOWKHWXUELQH%RWK
JDXJHV V\VWHPV ZHUH FDOLEUDWHG LQ GU\ HQYLURQPHQWV E\
DSSO\LQJDYDULHW\RIZHLJKWVWRREWDLQDQRXWSXWYROWDJHZKLFK
UHODWHG WKH ORDGV DQG WKH DQDORJXHRXWSXWV $SUHFDOLEUDWLRQ
ZDVDOVRXQGHUWDNHQGXULQJ WKH WHVWLQJFDPSDLJQZKHUHGDWD
ZDV JDWKHUHG GXULQJ VWHDG\ FRQGLWLRQV LH IORZ VSHHG ZDV
]HURWRYHULI\DQ\WUDFHRIGULIWLQJLQWKHVLJQDOV

)LJXUH7XUELQHLQVWDOOHGDWWKHWRZWDQNDW&15,16($1

)LJXUH7XUELQHLQVWDOOHGDWWKHIOXPHIDFLOLW\DW,IUHPHU

)RUWKHWRZWDQNWHVWVWKHIORZYHORFLW\DQGWKHZDYHKHLJKW
DQGSHULRGZDVPRQLWRUHGGXULQJHDFKRIWKHWHVWVXVLQJDSLWRW
WXEHDQGDZDYHSUREHLQVWDOOHGQH[WWRWKHWXUELQHDWWKHVDPH
KHLJKWDVWKHURWRUKXEPDVPHQWLRQHGSUHYLRXVO\)RUWKH
IOXPHH[SHULPHQWVDW,IUHPHUDODVHU'RSSOHUYHORFLPHWHUZDV
LQVWDOOHGGLDPHWHUV'XSVWUHDPWKHURWRUDWPEHORZ
WKH IUHH VXUIDFH7KUHHUHVLVWDQFHZDYHSUREHVZHUH LQVWDOOHG
QH[W WR WKH WXUELQH WR PHDVXUH WKH ZDYH KHLJKWV GXULQJ WKH
RSHUDWLRQ RI WKH WXUELQH 0RUH LQIRUPDWLRQ RI ERWK WHVWLQJ
FDPSDLJQVFDQEHIRXQGLQ>@DQG>@
)RUERWKWHVWLQJFDPSDLJQV1DWLRQDO,QVWUXPHQWV/DE9,(:
ZDVXVHGDVWKHGDWDDFTXLVLWLRQV\VWHP
& '$7$352&(66,1*
)RU FRPSDUDWLYH SXUSRVHV WKH URWRU WRUTXH WKUXVW DQG
URWDWLRQDOVSHHGVZHUHDYHUDJHGRYHUWLPHIRUHDFKWHVW1RQ
GLPHQVLRQDO YDOXHV RI SRZHU DQG WKUXVW IRU WKH H[SHULPHQWDO
DQG %(07 ZLOO EH XVHG 7KHVH DUH EDVHG RQ WKH IROORZLQJ
IRUPXODV

&3 3ȡ$9
&7 7ȡ$9

ZKHUH3LVDYHUDJHSRZHULQ:DWWVDQG7LVWKHDYHUDJHWKUXVW
LQ1HZWRQ1$LVWKHVZHSWDUHDRIWKHURWRULQPHWHUVDQG
9GHQRWHVWKHXQLGLUHFWLRQDOIORZYHORFLW\PVLQWKHVHWHVWV
WKLVLVWKHDYHUDJHIORZPHDVXUHGDWWKHKXEKHLJKWLQWKHIOXPH
DQGWKHFDUULDJHYHORFLW\ZKHQORRNLQJDWWKHWRZWDQNWHVWV
7KHDYHUDJH&3DQG&7DUHSORWWHGDJDLQVWWKHDYHUDJH765
YDOXHV IRU HDFK WHVW UXQ 765 GHQRWHV WKH UDWLR EHWZHHQ WKH
EODGHWLSVSHHGDQGWKHIORZYHORFLW\9

765 ȍU9

ZKHUHȍURWRUVSHHGLQUDGVDQGULVWKHUDGLXVRIWKHWXUELQH
,,,5(68/76$1'',6&866,21
7KLVVHFWLRQSUHVHQWVWKHFRPSDUDWLYHUHVXOWVREWDLQHGZLWK
%(07 DQG WKH H[SHULPHQWDO FDPSDLJQV 7KH ILUVW VHFWLRQ
LQFOXGHVDYHUDJHYDOXHVRISRZHUDQGWKUXVWVKRZQLQLWVQRQ
GLPHQVLRQDO IRUP XVLQJ HTXDWLRQV  7KH VHFRQG VHFWLRQ
VKRZVVHOHFWHGFDVHVZKHUHWKHWLPHVHULHVRIWRUTXHDQGWKUXVW
DUHFRPSDUHGEHWZHHQWKHDQDO\WLFDODQGH[SHULPHQWDOYDOXHV
$ 32:(5$1'7+5867&2()),&,(176
)LJXUHLQFOXGHVWKH³FXUUHQWRQO\´FDVHVLHQRZDYHVDUH
LQFOXGHG LQ WKH DQDO\WLFDO PRGHO RU LQ WKH H[SHULPHQWDO
FDPSDLJQVDWIORZVSHHGVRIPV,WFDQEHQRWLFHGWKDWWKH
UHVXOWV REWDLQHG DW WKH WXUEXOHQW IOXPH LIUHPHU DUH VOLJKWO\
KLJKHU WKDQ WKRVHREWDLQHGDW WKH WRZLQJ WDQN,QVHDQ6LQFH
WKLVGLVFUHSDQF\LVRQO\RIDERXWEHWZHHQWKHH[SHULPHQWDO
FDPSDLJQV LW LV SRVVLEOH WKDW WKLV PLJKW EH UHODWHG WR WKH
XQFHUWDLQW\ RI WKH H[SHULPHQW DQG WKH WXUEXOHQFH VHHQ DW WKH
IOXPH:KHQORRNLQJDWWKH%(07SUHGLFWLRQVLWLVQRWLFHDEOH
WKDWWKHGLVSDULW\EHWZHHQPRGHODQGH[SHULPHQWDOGDWDLVLQWKH
RUGHURIZKHUHWKHDQDO\WLFDOPRGHOLVRYHUSUHGLFWLQJWKH
YDOXHVRIWRUTXHJHQHUDWHGE\WKHWXUELQH
)LJXUHLQFOXGHVWKHH[SHULPHQWDODQGDQDO\WLFDOFDVHVZKHQ
WKHWXUELQHRSHUDWHGXQGHUWKHLQIOXHQFHRIZDYHVDQGDIORZ
VSHHGRUFDUULDJHVSHHGRIPV6LPLODUWRWKHFXUUHQWRQO\
FRQGLWLRQVWKH&3YDOXHVDUHLQWKHVDPHRUGHUZKHQFRPSDUHG
WR WKH H[SHULPHQWDO FDVHV KRZHYHU FRQWUDU\ WR ZKDW ZDV
REVHUYHGSUHYLRXVO\WKHDYHUDJHYDOXHVRISRZHUDUHVOLJKWO\
KLJKHULQWKHWRZWDQNWKDQLQWKHIOXPH7KLVPLJKWEHUHODWHG
WR WKH VKHDU IORZV REWDLQHGDW D IOXPH IDFLOLW\ ,Q WKLV SDSHU
RQO\ WKH DYHUDJH IORZ VSHHG DW WKH KXE FHQWUH ZDV XVHG WR
FDOFXODWH&3 WKHUHIRUH WKH LQIOXHQFHRID VKHDUSURILOH LVQRW
FDSWXUHG LQ WKH H[SHULPHQWDO UHVXOWV 7KLV KRZHYHU LV QRW D
PDMRUFRQFHUQJLYHQWKHIDFW WKDW WKHDQDO\WLFDOPRGHO LVDOVR
VHWWRFRPSXWHWRUTXHDQGWKUXVWYDOXHVZLWKDVHWIORZVSHHGRI
PVDQGODWHURQDWPV

)LJXUH &3 FRPSDULVRQEHWZHHQ%(07DQG H[SHULPHQWVXQGHUWDNHQDW
WZRIDFLOLWLHVIRUWKHPVFDVHZKHQWKHWXUELQHRSHUDWHVXQGHUFXUUHQWRQO\
FRQGLWLRQV

)LJXUH &3 FRPSDULVRQEHWZHHQ%(07DQG H[SHULPHQWVXQGHUWDNHQDW
WZRIDFLOLWLHVIRUWKHPVFDVHZKHQWKHWXUELQHRSHUDWHVXQGHUZDYHFXUUHQW
LQWHUDFWLRQVZLWKDZDYHKHLJKWRIDSSUR[LPDWHO\PDQGDZDYHSHULRGRU
DSSDUHQWZDYHSHULRGRIV

)LJXUHV  DQG  VKRZ WKH FRPSDULVRQ RI WKH DYHUDJH &7
YDOXHVREWDLQHGIRUWKHH[SHULPHQWDQG%(07$VPHQWLRQHG
HDUOLHU WKUXVW PHDVXUHPHQWV RI WKH URWRU ZHUH RQO\ DFTXLUHG
GXULQJ WKH WHVWLQJ FDPSDLJQ XQGHUWDNHQ DW ,IUHPHU DQG WKXV
RQO\ IRU IORZ YHORFLWLHV RI  PV )RU WKH FXUUHQW RQO\
FRQGLWLRQ WKH PDWFK EHWZHHQ WKH H[SHULPHQWDO YDOXHV DQG
%(07IROORZVWKHVDPHWUHQGIRUPRVWRIWKH&7765FXUYH
)LJXUH  :LWK 765 YDOXHV !  WKH GLVFUHSDQF\ EHWZHHQ
%(07 DQG H[SHULPHQW LQFUHDVHV ZKHUH WKH H[SHULPHQWDO
YDOXHV WHQG WR LQFUHDVH LQ YDOXH ZLWK 765DQG WKH DQDO\WLFDO
PRGHOSUHGLFWVDQRSSRVLWHWUHQG
,Q )LJXUH  D ODUJH GLVDJUHHPHQW EHWZHHQ WKH H[SHULPHQW
DQGWKHDQDO\WLFDOPRGHOFDQEHREVHUYHG)RUDOOWKH765FDVHV
WKH DQDO\WLFDO YDOXHV DUH DERXW  KLJKHU WKDQ WKH
H[SHULPHQWDOGDWD7KLVFDQVRPHZKDWEHH[SHFWHGDVWKHSRZHU
SUHGLFWLRQV ZHUH DOVR KLJKHU E\ DSSUR[LPDWHO\  LQ WKH
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 ? ? ?
 ? ? ?
 ? ? ?
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ǆƉĞƌŝŵĞŶƚĂů ?t& ? ?/E^E ǆƉĞƌŝŵĞŶƚĂů ?t& ? ?ŝĨƌĞŵĞƌ
ZDYH FDVHV ZKHQ SRZHU ZDV TXDQWLILHG XVLQJ WKH %(07
PRGHO
7KHUH DUH D FRXSOH RI UHDVRQV WKDW PD\ H[SODLQ WKH
GLIIHUHQFHVEHWZHHQWKHWKUXVWYDOXHVRIWKHH[SHULPHQWDQGWKH
%(07 PRGHO $V PHQWLRQHG LQ 6HFWLRQ ,,% WKUXVW ZDV
PHDVXUHG LQ WKHH[SHULPHQWE\ LQFRUSRUDWLQJD IXOOEULGJHRI
VWUDLQJDXJHVLQWKHVWDQFKLRQXVHGWRVXSSRUWWKHWXUELQHLQWKH
IOXPH7KHUHIRUH LQVWHDGRIPHDVXULQJ DFWXDO WKUXVW WKH UHDO
GDWD DFTXLUHG ZDV D EHQGLQJ PRPHQW UDWKHU WKDQ WKH DFWXDO
WKUXVW GHYHORSHG E\ WKH WXUELQH 7KLV FDQ EH FRUUHFWHG E\
DFTXLULQJ LQIRUPDWLRQ RI WKH VHWWLQJ XVHG LQ WKH H[SHULPHQW
XQGHUWKHSXUHLQIOXHQFHRIWKHIORZYDULDWLRQVLHFXUUHQWRQO\
DQG ZDYH DQG FXUUHQW FRQGLWLRQV ZKHQ WKH WXUELQH LV QRW
RSHUDWLQJ0RUHRYHUWKHFDOLEUDWLRQRIWKHVWDQFKLRQVKRXOGEH
GRQH XVLQJ WKH H[DFW VHWWLQJ RI WKH H[SHULPHQW LH WKH
FDOLEUDWLRQVKRXOGEHGRQHLQVLWH$QRWKHURSWLRQLV WR³GU\´
FDOLEUDWHWKHVWDQFKLRQXVLQJDVLPLODUVHWWLQJDVWKHRQHXVHGLQ
WKH ODERUDWRU\ LQ WKLV FDVH E\ PRXQWLQJ YHUWLFDOO\ WKH
VWDQFKLRQDQGDSSO\LQJDYDULHW\RIORDGLQJVLQWKHKRUL]RQWDO
GLUHFWLRQWRVLPXODWHWKHORDGVFUHDWHGE\WKHWXUELQH'XHWR
ODERUDWRU\DQGWLPHFRQVWUDLQVWKHFDOLEUDWLRQRIWKHVWDQFKLRQ
LQWKHVHH[SHULPHQWVZDVGRQHKRUL]RQWDOO\DQGWKHORDGLQJZDV
DSSOLHGYHUWLFDOO\ZKLFKPD\JLYHDQLQVLJKWRIWKHYROWDJHYV
ORDGLQJWUHQGKRZHYHUWKHRXWFRPHVPD\WUDQVODWHLQDODUJH
H[SHULPHQWXQFHUWDLQW\
$QRWKHUIDFWRUWKDWPD\LQIOXHQFHWKHWKUXVWPHDVXUHPHQWRQ
WKH VWDQFKLRQ LV UHODWHG WR WKH VKHDU IORZV REVHUYHG LQ WKH
IOXPHV,WKDVEHHQREVHUYHGLQ>@WKDWWKHYDULDELOLW\RIWKH
IORZV LQ WKDW IDFLOLW\ LV KLJKO\ DIIHFWHG E\ WKH XVH RI WKH
ZDYHPDNHUVRQWKHIOXPHIDFLOLW\

)LJXUH&7 FRPSDULVRQEHWZHHQ%(07DQGH[SHULPHQW IRUWKHPVFDVHZKHQWKHWXUELQHRSHUDWHVXQGHUFXUUHQWRQO\FRQGLWLRQV


)LJXUH&7 FRPSDULVRQEHWZHHQ%(07DQGH[SHULPHQWVXQGHUWDNHQDW
,IUHPHU IRU WKHPV FDVHZKHQ WKH WXUELQHRSHUDWHGXQGHUZDYHFXUUHQW
LQWHUDFWLRQVZLWKDZDYHKHLJKWRIDSSUR[LPDWHO\PDQGDZDYHSHULRGRI
V

)LJXUHVVKRZWKHFRPSDULVRQVRI&3DQG&7IRUWKH
PVFDVHV,WFDQEHREVHUYHGDJRRGDJUHHPHQWRQWKHSRZHU
FRHIILFLHQW EHWZHHQ %(07 DQG WKH H[SHULPHQWDO IRU ERWK
FXUUHQWRQO\DQGZDYHFDVHVDQGIRUPRVWRIWKH765YDOXHV
7KHPDMRUGLVFUHSDQF\REVHUYHGLQWKHDYHUDJHYDOXHVRI&3IRU
WKH H[SHULPHQW DQG WKH %(07 ZDV DSSUR[LPDWHO\  IRU D
765   KRZHYHU WKHRWKHU FDVHVSUHVHQWHG GLVSDULWLHVRI
DERXW
)RUWKH&7FRPSDULVRQVOLPLWHGGDWDZDVDYDLODEOHIURPWKH
WHVWLQJFDPSDLJQVWRFRUURERUDWHWKHVLPXODWLRQVXQGHUWDNHQLQ
%(077KLV LVRQHDVSHFW WKDWZLOOEHIXUWKHU LQYHVWLJDWHGLQ
WKHIXWXUH+RZHYHU IRUFRPSDULVRQVSXUSRVHVERWKDYHUDJH
YDOXHVRI&7IRUVLPXODWLRQVGRQHZLWKDQGZLWKRXWZDYHVDUH
SUHVHQWHGLQ)LJXUH,WFDQEHREVHUYHGWKDWWKHPRGHOVSUHGLFW
VLPLODUDYHUDJHYDOXHVIRUERWKFDVHVDVLWZDVWREHH[SHFWHG
HVSHFLDOO\VLQFHDWWKLVSRLQWVKHDUIORZVDUHQRWFRQVLGHUHGLQ
WKHFDOFXODWLRQV

)LJXUH &3 FRPSDULVRQEHWZHHQ%(07DQG H[SHULPHQWVXQGHUWDNHQDW
,QVHDQ IRU WKH  PV FDVH ZKHQ WKH WXUELQH RSHUDWHV XQGHU FXUUHQW RQO\
FRQGLWLRQV

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)LJXUH&3FRPSDULVRQEHWZHHQ%(07DQGH[SHULPHQWVXQGHUWDNHQDW,QVHDQ
IRUWKHPVFDVHZKHQWKHWXUELQHRSHUDWHGXQGHUZDYHFXUUHQWLQWHUDFWLRQV
ZLWKDZDYHKHLJKWRIDSSUR[LPDWHO\PDQGDQDSSDUHQWZDYHSHULRGRIV

)LJXUH  &7  FRPSDULVRQ EHWZHHQ %(07 FDOFXODWLRQV IRU WKH  PV FDVH
GXULQJ³FXUUHQWRQO\´FRQGLWLRQVDQGZKHQWKHWXUELQHRSHUDWHGXQGHUZDYH
FXUUHQWLQWHUDFWLRQVZLWKDZDYHKHLJKWRIDSSUR[LPDWHO\PDQGDQDSSDUHQW
ZDYHSHULRGRIV
% 72548($1'7+58677,0(6(5,(6
,QWKLVVHFWLRQWKHWLPHVHULHVREWDLQHGZLWKWKHPRGHODQG
WKHH[SHULPHQWVDUHFRPSDUHGIRUVHOHFWHGFDVHVRIWRUTXHDQG
WKUXVW)RUWKHPVFDVHV765VRIDQGZHUHVHOHFWHG
VLQFHLWZDVREVHUYHGLQ)LJXUHVWKDWWKHVHFDVHVSUHVHQWHG
D EHWWHU DJUHHPHQW EHWZHHQ PRGHO DQG H[SHULPHQW 7KH
H[SHULPHQWDOGDWDXVHGKHUHZDVWKDWREWDLQHGIURPWKHIOXPH
FDPSDLJQV DV ERWK WRUTXH DQG WKUXVW VLJQDOV ZHUH UHFRUGHG
GXULQJWKRVHWULDOV
,WFDQEHREVHUYHGLQ)LJXUHVDQGWKDWWKHIOXFWXDWLRQV
RIWKHWLPHVHULHVREWDLQHGZLWK%(07DUHLQWKHRUGHURI
1P DQG  1 IRU WKH WRUTXH DQG WKUXVW VLPXODWLRQV
UHVSHFWLYHO\ZKHUHDVWKHVHIOXFWXDWLRQVLQFUHDVHGWR1P
DQG1ZKHQORRNLQJDWWKHH[SHULPHQWDOLQIRUPDWLRQ,WLV
QRWLFHDEOH LQ)LJXUH WKDW WKH WXUELQHGLG QRW JHQHUDWH DQ\
WRUTXH LQD IHZ LQVWDQFHVRI WKH WHVW UXQ LH WKH WXUELQHZDV
GULYHQ E\ WKH PRWRU (YLGHQFH JDWKHUHG IURP WKH FDOLEUDWLRQ
SURFHGXUHV >@ VKRZHG WKDW WKHUH LV D ODUJHU VFDWWHU LQ WKH
FDOLEUDWLRQRIWKHPRWRUZKHQFDSWXULQJ7*&ZKLFKPD\KDYH
LQIOXHQFHGWKHWRUTXHLQIRUPDWLRQHVSHFLDOO\VLQFHWKHWXUELQH
ZDVQRWJHQHUDWLQJDQ\SRZHUDWVXFKORZIORZVSHHGV)RUWKH
WKUXVW RQHRI WKH UHDVRQV UHODWHG WR WKHGLVFUHSDQF\EHWZHHQ
H[SHULPHQW DQG PRGHO PD\ EH UHODWHG WR WKH IDFW WKDW WKH
VWDQFKLRQZDVZRUNLQJQRWRQO\XQGHUDQD[LDOIRUFHGHYHORSHG
E\WKHWXUELQHEXWDOVRWKHVKHDUIORZVJHQHUDWHGDWWKHIDFLOLW\
$V PHQWLRQHG SUHYLRXVO\ WKH VKHDU IORZV DUH QRW FDSWXUHG
XVLQJW%(07PRGHODVLQWKLVVLPXODWLRQVDVHWIORZLVXVHGLQ
WKHLQSXWVRIWKHVLPXODWLRQUXQ

)LJXUH&RPSDULVRQRI%(07DQGH[SHULPHQWDOYDULDWLRQVRIWRUTXHIRU
DZDYHKHLJKWRIPZDYHSHULRGRIVDQG765 


)LJXUH&RPSDULVRQRI%(07DQGH[SHULPHQWDOYDULDWLRQVRIWKUXVWIRU
DZDYHKHLJKWRIZDYHSHULRGRIVDQG765 

7KHPDWFKEHWZHHQ%(07DQGH[SHULPHQWLVVOLJKWO\EHWWHU
IRUWKHFDVHRI765 7KHDPSOLWXGHRIWKHVLJQDOVERWKIRU
WKH PRGHO DQG IRU WKH H[SHULPHQW IROORZ D FOHDU VLQXVRLGDO
SDWWHUQDVH[SHFWHGGXHWRWKHZDYHFXUUHQWLQWHUDFWLRQV7KH
YDULDELOLW\ RI WKH VLJQDOV LV  1P DQG  1 REWDLQHG LQ
%(07DQG1PDQGREWDLQHGIRUWKHH[SHULPHQWVGRQH
DWWKHIOXPH,WLVFOHDUWKDWWKHIOXFWXDWLRQVSUHGLFWHGE\%(07
DUHVPDOOHUWKDQWKRVHREWDLQHGLQWKHH[SHULPHQW
7KH GLIIHUHQFH RI WKH SHDN WRUTXH DQG WKUXVW ZHUH DOVR
TXDQWLILHGXVLQJERWK WKH%(07PRGHODQG WKHH[SHULPHQWDO
GDWDLHWKHGLIIHUHQFHEHWZHHQWKHPD[LPXPDQGPLQLPXP
$WRUTXHDPSOLWXGHRI1ZDVREWDLQHGXVLQJ%(07ZKLOH
WKHDPSOLWXGHTXDQWLILHGIURPWKHH[SHULPHQWDOVLJQDOVZDV
KLJKHU6LPLODUO\WKHWKUXVWDPSOLWXGHZDVKLJKHUIRUWKH
H[SHULPHQWWKDQIURPWKH%(07SUHGLFWLRQ
)LJXUHV  VKRZV WKH FRPSDUDWLYH UHVXOWV EHWZHHQ WKH
PRGHODQGWKHH[SHULPHQWVIRUIORZRUWRZLQWKLVFDVHVSHHGV
RIPV7KHILJXUHVZHUHREWDLQHGXVLQJDZDYHSHULRGRI
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VDQGDZDYHKHLJKWRIPDQG765VRIDQG
,WFDQEHREVHUYHGWKDWWKHUHLVDJRRGDJUHHPHQWEHWZHHQWKH
PRGHODQGWKHPHDVXUHGWRUTXHIRUDOOWKHFDVHV(YHQWKRXJK
WKH PHDQ YDOXHV VKRZHG LQ )LJXUH  DUH FORVH EHWZHHQ WKH
H[SHULPHQW DQG %(07 LW LV QRWLFHDEOH WKDW WKH WRUTXH
YDULDWLRQV SUHGLFWHG E\ %(07 DUH ORZHU LQ PDJQLWXGH
FRPSDUHG WR WKDW PHDVXUHG LQ WKH WHVWLQJ FDPSDLJQ )RU WKH
WKUHH 765 FDVHV VHOHFWHG KHUH LW ZDV FDOFXODWHG WKDW WKH
DPSOLWXGHRIWKHWRUTXHVLJQDOVZDVDSSUR[LPDWHO\KLJKHU
LQWKHH[SHULPHQWVWKDQWKRVHSUHGLFWHGE\%(07
7KLV KLJKOLJKWV WKH LPSRUWDQFH RI YHULI\LQJ QXPHULFDO
PRGHOVZKHQGHVLJQLQJD IXOO VFDOH WLGDO VWUHDP WXUELQH ,W LV
NQRZVWKDWPRVWRIWKHSUHGLFWLRQVRIWRUTXHDQGWKUXVWDUHXVHG
WRHQJLQHHUPRVWRI WKHFRPSRQHQWVXVHG LQD WXUELQH8VLQJ
ORZHU SUHGLFWLRQV RI ORDGLQJ IOXFWXDWLRQV ZKHQ GHVLJQLQJ D
GHYLFH PD\ WUDQVODWH LQWR D UDSLG IDLOXUH LQ WKH WXUELQH
FRPSRQHQWV

)LJXUH&RPSDULVRQRI%(07DQGH[SHULPHQWDOYDULDWLRQVRIWRUTXHIRU
DZDYHKHLJKWRIPZDYHSHULRGRIVDQG765 

)LJXUH&RPSDULVRQRI%(07DQG([SHULPHQWDOYDULDWLRQVRIWKUXVWIRU
DZDYHKHLJKWRIPZDYHSHULRGRIVDQG765 

)LJXUH&RPSDULVRQRI%(07DQG([SHULPHQWDOYDULDWLRQVRIWRUTXHIRU
DZDYHKHLJKWRIPDSSDUHQWSHULRGRIVDQG765 

)LJXUH&RPSDULVRQRI%(07DQG([SHULPHQWDOYDULDWLRQVRIWRUTXHIRU
DZDYHKHLJKWRIPDSSDUHQWSHULRGRIVDQG765 

)LJXUH&RPSDULVRQRI%(07DQG([SHULPHQWDOYDULDWLRQVRIWRUTXHIRU
DZDYHKHLJKWRIPDSSDUHQWSHULRGRIVDQG765 
,9&21&/86,216$1')8785(:25.
&RPSDULVRQVEHWZHHQ%(07DQGDYDULHW\RIH[SHULPHQWDO
WHVWLQJ FDPSDLJQV ZHUH XQGHUWDNHQ LQ WKLV SDSHU 7ZR IORZ
FRQGLWLRQVRIDQGPVZHUHXVHGLQFRPELQDWLRQVZLWK
WZR ZDYH KHLJKWV  ,W ZDV IRXQG WKDW SRRU DJUHHPHQW ZDV
DFKLHYHG IRU ERWK SRZHU DQG WKUXVW PHDQ SUHGLFWLRQV ZKHQ
ORRNLQJ DW WKH  PV FDVHV 2QH UHDVRQ PLJKW EH WKDW WKH
WXUELQHZDVQRWDEOHWRJHQHUDWHHQRXJKSRZHUDWVXFKORZIORZ
YHORFLWLHV DQG WKXV WKH PRGHO ZDV QRW DEOH WR SUHGLFW WKRVH
FRQGLWLRQV 7KH VDPH PD\ EH DSSOLFDEOH WR WKUXVW KRZHYHU
DQRWKHU UHDVRQPD\EH UHODWHG WR WKH LQVWUXPHQWDWLRQXVHG WR
TXDQWLI\ WKH D[LDO ORDGLQJ GHYHORSHG E\ WKH WXUELQH )XWXUH
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ZRUN ZLOO FRQWHPSODWH WKH XVH RI DGGLWLRQDO LQVWUXPHQWDWLRQ
ZKHQXQGHUWDNLQJH[SHULPHQWDO ZRUN UHODWHG WRZDYHFXUUHQW
LQWHUDFWLRQVWRYHULI\WKH%(07PRGHO
*RRGDJUHHPHQW ZDV REWDLQHGEHWZHHQ WKH PRGHO DQG WKH
H[SHULPHQWDO GDWD REWDLQHG IRU WKH  PV FDVHV $Q
DSSUR[LPDWHGLVFUHSDQF\REVHUYHGLQWKHDYHUDJHYDOXHVRI&3
IRUWKHH[SHULPHQWDQGWKH%(07ZDVRIDSSUR[LPDWHO\
+RZHYHULWZDVFOHDUWKDWWKHDPSOLWXGHRIWKHWRUTXHVLJQDOV
REWDLQHGXVLQJWKH%(07PRGHOXQGHUSUHGLFWWKHH[SHULPHQWDO
GDWD E\ DERXW  )XWXUH ZRUN FRQWHPSODWLQJ RWKHU ZDYH
SDUDPHWHUV DQG D GLIIHUHQW URWRU W\SH ZLOO EH VWXGLHG LQ WKH
IXWXUHWRXQGHUVWDQGWKHOLPLWDWLRQVRIXVLQJWKH%(07PRGHO
SUHVHQWHGKHUH

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5()(5(1&(6

>@ 0DULQH (QHUJ\ ³0DULQH (QHUJ\´    >2QOLQH@ $YDLODEOH
KWWSVPDULQHHQHUJ\EL]DWODQWLVWRVWXG\MDSDQHVHWLGDO
VWUHDP
>@ 0DULQH (QHUJ\ ³0DULQH (QHUJ\´    >2QOLQH@ $YDLODEOH
KWWSVPDULQHHQHUJ\EL]VHDEDVHGPDNHVVULODQNDZDYH
HQHUJ\GHDO
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RI WXUEXOHQFH DW WZR WLGDO HQHUJ\ VLWHV LQ 3XJHW 6RXQG :$´ ,(((
-RXUQDORI2FHDQLF(QJLQHHULQJYROSS
>@ 71HYDODLQHQ&-RKQVWRQHDQG$*UDQW³$VHQVLWLYLW\DQDO\VLVRQ
WLGDOVWUHDPWXUELQHORDGVFDXVHGE\RSHUDWLRQDOJHRPHWULFGHVLJQDQG
LQIORZSDUDPHWHUV´,QWHUQDWLRQDO-RXUQDORI0DULQH(QHUJ\YRO
SS
>@ 6 7DWXP & )URVW 0 $OOPDUN ' 2¶'RKHUW\ $ 0DVRQ-RQHV 3
3ULFNHWW 5 *URVYHQRU & %\UQH DQG 7 2¶'RKHUW\ ³:DYH±FXUUHQW
LQWHUDFWLRQ HIIHFWV RQ WLGDO VWUHDP WXUELQH SHUIRUPDQFH DQG ORDGLQJ
FKDUDFWHULVWLFV´,QWHUQDWLRQDO-RXUQDORI0DULQH(QHUJ\
>@ 1 %DUOWURS . 9DU\DQL $ *UDQW ' &OHOODQG DQG ; 3KDP
³,QYHVWLJDWLRQ LQWR ZDYHFXUUHQW LQWHUDFWLRQV LQ PDULQH FXUUHQW
WXUELQHV´ 3URF ,0HFK( 3DUW $ -RXUQDO RI 3RZHUDQG (QHUJ\ YRO

>@ 62UGRQH]6DQFKH].3RUWHU&)URVW0$OOPDUN&-RKQVWRQHDQG
7 2¶'RKHUW\ ³(IIHFWV RI :DYH&XUUHQW ,QWHUDFWLRQV RQ WKH
3HUIRUPDQFHRI7LGDO6WUHDP7XUELQHV´6LQJDSRUH
>@ % *DXULHU 3 'DYLHV $ 'HXII DQG * *HUPDLQ ³)OXPH WDQN
FKDUDFWHUL]DWLRQRIPDULQHFXUUHQWWXUELQHEODGHEHKDYLRXUXQGHUFXUUHQW
DQGZDYHORDGLQJ´5HQHZDEOH(QHUJ\SS
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